To clarify the dose-response and the time-response relationship between liquorice consumption and rise in blood pressure and explore the inter-individual variance this intervention study was designed and executed in research laboratories at University hospitals in Iceland and Sweden. Healthy, Caucasian volunteers who also served as a control for himself/herself consumed liquorice in various doses, 50-200 g/day, for 2-4 weeks, corresponding to a daily intake of 75-540 mg glycyrrhetinic acid, the active substance in liquorice. Blood pressure was measured before, during and after liquorice consumption. Systolic blood pressure increased by 3.1-14.4 mm Hg (P Ͻ 0.05 for all), demonstrating a dose-
Introduction
Liquorice has been well known by mankind for a long time and was used medicinally long before the time of Christ. The earliest evidence of the use of liquorice is reputed to be the stores of liquorice found in the ancient tombs of Egyptian pharaohs, including that found in the 3000-year-old tomb of King Tut. 1 During the last couple of decades, our knowledge of the real effects of liquorice has increased. Case reports in which patients have reacted with hypertension, hypokalaemia, muscle weakness and even hypertensive encephalopathy with hemiparesis have been published. [2] [3] [4] [5] Even apparently marginal doses of liquorice as in liquorice-flavoured chewing gum, chewing tobacco and Pontefract cakes have proved to cause hypokalaemia and hypertension. 2, 6, 7 The aim of the present study was to investigate the dose-response relationship, the time-response relationship and the inter-individual response variability to glycyrrhetinic acid. 
Subjects and methods

Study plan and collection of data
Three similarly designed experiments were conducted. General results from the first and second study have been published previously 8 but have not been used for analyse of the dose-response relationship. In order to avoid salt-induced influence on the results, with increased fluid retention, sweet liquorice was used and not salt liquorice. In the first and second studies the subjects were investigated without regard to the menstrual cycle. In the third study, where 75 mg of glycyrrhetinic acid was consumed, the women started the consumption on day 1-4 of the menstrual cycle. All subjects were normotensive and while participating in the study they had their usual home diet, containing on average 122 mmol of sodium estimated by 24-h urinary excretion. All volunteers signed an informed consent form. In each study the same nurse measured the blood pressure throughout the study period and monitored the well being of each participant. The local Ethics Committee approved each of the studies.
Study group 1
Ten healthy volunteers, one man and nine women, with a mean age of 30 years (23-37 years), consumed
Journal of Human Hypertension 200 g of sweet liquorice, ie 540 mg of glycyrrhetinic acid, daily for 2 weeks. Blood pressure was measured with a standard mercury sphygmomanometer with a standard cuff in the sitting position after at least 5 min of rest, three times per week, twice each visit. Baselines were obtained from a run-in period of 2 weeks, which was followed by a liquorice consumption period of 2 weeks and a follow-up period of 2 weeks. A physical examination was performed at the beginning of the study, at the end of the liquorice consumption, and at the end of the study.
Study group 2
Thirty healthy volunteers, 19 women and 11 men, with a mean age of 27.6 years (20-33 years) consumed 100 g of sweet liquorice, ie 270 mg of glycyrrhetinic acid, daily for 4 weeks. Other methods were as in study 1, but here the liquorice consumption period lasted 4 weeks.
Study group 3
Twenty-four healthy volunteers, 12 men and 12 women, with a mean age of 31.7 years (25-43 years) consumed 50 g of sweet liquorice, ie 75 mg of glycyrrhetinic acid, daily for 4 weeks. The discrepancy in the glycyrrhetinic acid concentration compared with that in study 1 and 2 is explained by the use of a product from another factory. Blood pressure was measured with a standard mercury sphygmomanometer with a standard cuff in the supine position after at least 15 min of rest. Blood pressure was measured twice during each visit, before the liquorice consumption and after 2 and 4 weeks consumption, and finally 4 weeks after liquorice consumption was ended. A physical examination was performed at the beginning of the study, at the end of the period of active treatment and, finally, 4 weeks after the consumption was concluded.
Statistical methods
In studies 1 and 2 a mean value for the blood pressure was calculated from the available measurements the last 2 measuring days before the liquorice consumption was started (baseline) and the last 2 measuring days in the second and fourth week of liquorice consumption. In study 3 a mean value was calculated for each visit before liquorice consumption (baseline) and after 2 and 4 weeks of consumption. The 95% confidence interval (CI) was determined and the two-tailed paired t-test was used to see if there was a significant change of blood pressure from the period before liquorice consumption (baseline period) and after consumption for 2 and 4 weeks respectively (in study 1 only for 2 weeks). The two-tailed paired t-test was also used to measure the change in plasma/serum potassium from baseline to 2 weeks after initiating liquorice consumption except in study 2 where the 2-week periods were compared.
Regression analysis was used to calculate the dose-response and time-response relationship. The response variance was calculated by variance analysis, using the data from study 2. A P-value of 0.05 or less was considered statistically significant.
Results
Study group 1
Baseline systolic blood pressure was 117.5 mm Hg (CI = ±6.0). 8 The mean value for systolic blood pressure after 2 weeks of liquorice consumption was 131.9 mm Hg (CI = ±7.5). The rise in systolic blood pressure of 14.4 mm Hg (Table 1 ) was significant (P = 0.003).
The baseline value for diastolic blood pressure was 72.6 mm Hg (CI = ±0.4) and the mean value after 2 weeks consumption 81.9 mm Hg (CI = ±0.2). The rise was 9.3 mm Hg and statistically significant (P = 0.01). Heart rate did not change significantly. Plasma potassium decreased by 0.36 mmol/L after 2 weeks (P = 0.02).
Study group 2
General results of this study have been published earlier. Baseline systolic blood pressure was 114.2 mm Hg (CI = ±3.5). 8 The mean value for the systolic blood pressure after 2 weeks of liquorice consumption was 119.4 mm Hg (CI = ±2.9). The rise in blood pressure of 5.2 mm Hg was highly significant (P = 0.00087). The mean value for the systolic blood pressure after 4 weeks of liquorice consumption was 119.6 mm Hg (CI = ±4.0) and equals a rise of 5.4 mm Hg compared with baseline (Table 1) and is significant (P = 0.0002).
The diastolic blood pressure increased from 73.2 mm Hg (CI = ±0.2) to 76.0 mm Hg (CI = ± 0.5) after 2 weeks was not significant. Neither did the heart rate change significantly. Plasma potassium decreased by the mean value of 0.24 mmol/L after 2 weeks (P Ͻ 0.001).
Study group 3
Baseline systolic blood pressure was 113 mm Hg (CI = ±4.5) and after 2 weeks of liquorice consumption the systolic blood pressure was increased (Table 1 ) by 3.1 mm Hg mean to 116.1 mm Hg (CI = ±4.5 and P = 0.028). After 4 weeks of liquorice consumption the mean value of the systolic blood pressure was 114.9 mm Hg (CI = ±4.8); this increase was not statistically significant compared with baseline (P = 0.4).
Diastolic blood pressure, heart rate and serum potassium did not change significantly. 
Dose-response relationship/time-response relationship
The dose-response relationship was clear, using data from 2 weeks of liquorice consumption for systolic blood pressure. Regression analysis revealed a linear relationship between dose and response ( Figure 1 ). The response (rise in blood pressure) after 2 weeks of consumption gave the equation y = 1.60 + 0.011 × dose, where the regression coefficient is 0.011 with 95% CI (0.0010, 0.021). The regression coefficient is significantly different from 0, P = 0.03. The equation for the response after 4 weeks of consumption was; y = 0.88 + 0.014 × dose. The regression coefficient is 0.014 with 95% CI (−0.0098, 0.037), which is not significantly different from 0, P = 0.25. This coefficient did not differ significantly from that of the 2-week equation.
Individual variance
Variance analysis of the results in study 2 measured the systolic blood pressure response after 4 weeks of liquorice consumption. The response followed the
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normal curve where the probability of an individual's exhibiting the maximum rise of 1 mm Hg in blood pressure after 4 weeks of daily consumption of 270 mg glycyrrhetinic acid was 4%, the probability of a maximum rise of 2 mm Hg was 10%, and the probability of a rise of more than 8 mm Hg was 7%.
Discussion
Until recently it has been generally held that the consumption of liquorice has to be almost heroic to have an effect on the blood pressure. 5, 9, 10 Our results indicate the contrary. 8 We now know that the effects of eating liquorice depends on the dose but prolongation of the consumption from 2 to 4 weeks does not influence the response. The maximal blood pressure rise is reached after the first 2 weeks. These results are in accordance with previous studies, which reveal that the liquorice-induced hormonal changes can be measured as soon as 1 week after the start of consumption of 100 g of liquorice.
11 It is interesting to note that there is not a great interindividual variance in the rise of blood pressure, and the rise is rather a question of dose. This is important when liquorice is discussed as cause of secondary hypertension. 12 The linear regression between dose and change in blood pressure was demonstrated 2 weeks after the start of liquorice intake, which possibly could be influenced by hormonal changes during the menstrual cycle. On the other hand, the women in the two higher dose groups started their consumption irrespective of the time in the cycle, which may neutralise this influence. Although the regression coefficient was similar for the dose-response relationship after 2 and 4 weeks, it was not possible to find a significant correlation after 4 weeks. This is possibly explained by the use of a substantially reduced number of observations and lack of results from the study with the highest dose due to the study design.
We would also like to stress that the amount of glycyrrhetinic acid varies between different liquorice products, which makes the total weight of the sweet less important. The linear dose-response relationship should make it easier to compare pro-Journal of Human Hypertension ducts as regards the risk of increasing blood pressure, considering the glycyrrhetinic acid content.
It is our clinical impression that liquorice-induced hypertension is underestimated and could be misunderstood. Doctors should consider this diagnosis more often and inform their patients with essential hypertension about the effect of liquorice. We have in this paper focused on the blood pressure rise due to liquorice, but inhibiting 11 ␤-HSD also results in fluid and sodium retention, and a decreased serum potassium concentration as expected. The inhibition of 11 ␤-HSD leads to inhibition of the catabolism of cortisol to cortisone making the half-life of the cortisol longer. As cortisol has the same affinity to the aldosterone receptors as aldosterone this gives the cortisol the effect of mineralocorticoid, leading to pseudohyperaldosteronism with fluid and sodium retention as well as serum potassium reduction. [6] [7] [8] [9] [10] [11] 13 Liquorice can also lead to a suppressed renin concentration, either secondary to the hypervolaemia or by direct inhibition of the renin production. 7, 11, [14] [15] [16] The diagnosis of liquorice-induced hypertension should thus be suspected if the renin concentration in plasma or plasma-renin activity is suppressed, depending on the method used by the respective laboratory. The diagnosis is then confirmed by measuring the metabolites of cortisol and cortisone in the urine, since the ratio of the metabolites of cortisol/cortisone in the urine rises with liquorice consumption. 9, 13 In clinical practice, the easiest way to confirm the diagnosis is to stop the liquorice consumption and follow the patient for several weeks, up to a maximum of 4 months, when the renin suppression should have vanished.
